Abstract. We compare vacuum forces on a slab and on an atom embedded in a magnetodielectric medium near a mirror as obtained in a traditional and a recently suggested Lorentz-force approach to the Casimir effect. We also extend a number of classical results concerning the atom-mirror and atom-atom force in vacuum and dielectrics to magnetodielectric systems. This reveals, for example, that the (repulsive) interaction between atoms of different polarizability type is at small distances unaffected by the surrounding medium.
(D · E + H · B) δ ij when calculating the force [1, 2, 4, 8] . Recently, however, a Lorentz-force approach to the Casimir effect was suggested [9] (see also [10] ) in which the relevant stress tensor is of the form (brackets denote the average with respect to fluctuations) ‡
In this work, we compare vacuum forces on a slab and on an atom in a semi-infinite magnetodielectric cavity (see Figure 1 ) as obtained using T (L) ij and T ij , respectively. Also, we extend a number of well-known results for the atom-mirror and atom-atom forces to magnetodielectric systems.
When calculating T (L) ij for planar geometry [9] , the force on the slab in the configuration of Figure 1 can be written as [12] 
(2) ‡ Very recently, strong doubts have been raised on the completeness of this stress tensor [11] .
Here κ(ξ, k) = n 2 (iξ)ξ 2 /c 2 + k 2 is the perpendicular wave vector in the cavity at the imaginary frequency, ∆ q = δ qp − δ qs , and r q and t q are Fresnel coefficients for the (symmetrically bounded) slab. The force on the slab obtained through the Minkowski tensor calculation f (d) is given by the first term in (2) when omitting the factors ε −1 and µ which multiply the contributions coming from TM-and TE-polarized waves, respectively [8] . Since these factors effectively diminish the force, the first term in (2) may be regarded as a medium-screened Casimir force . The second term in (2) vanishes when n = 1 and can therefore be regarded as a medium-assisted force on the slab [12] . In comparison with the medium-screened force, this force has a few peculiar properties. First, as can be immediately concluded from the large-k (κ ≃ k) behaviour of the corresponding integrands, the medium-assisted force is described at small distances by the power law with the exponent that is by 2 smaller. Also, since the factor (1+r
is always positive, its sign depends only on the properties of the mirror. Finally, we note that when n s = n [r q = 0 and t q = e −κds in (2)] this force does not vanish and therefore represents the force on a layer of the medium inherent to the Lorentz-force approach. 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 A slab in front of a mirror shown schematically. The (complex) refraction index of the slab is n s (ω) = ε s (ω)µ s (ω) and that of the surrounding medium n(ω) = ε(ω)µ(ω). The mirror is described by its reflection coefficients R q (ω, k), with k being the in-plane wave vector of a wave. The arrow indicates the direction of the force on the slab.
The force on an atom near a mirror can be obtained from (2) by assuming that the slab consists of a thin layer of the cavity medium with a small number of foreign atoms embedded in it, so that {ε s , µ s } = {ε, µ} + 4πN{α e , α m }, with N being the atomic number density and α e(m) the electric (magnetic) polarizability of an atom. Then, to the first order in d s /d and Nα e(m) , the force on the layer can be written as [13] 
where the first term represents the force on the medium layer without the embedded atoms f
med [12] and
is the force on an embedded atom. As in (2), the first two terms here describe a mediumscreened force and the last one a medium-assisted force on the atom. The force on an atom of the cavity medium f
Similarly as before, the force on an atom in the Minkowski stress-tensor approach f a is given by the first two terms in (4) when omitting, respectively, the factors ε −1 and µ in front of the square brackets. We therefore have [13] 
which extends (in different directions) previous results for the atom-mirror force in various circumstances [2, 3, 14, 15, 16] by fully accounting for the magnetic properties of the system. In the following we briefly discuss several straightforward consequences of this general result. For small atom-mirror distances, d ≪ Λ = c/Ω (Ω is a characteristic frequency of the system [16] ), the major contribution to the integral in (5) comes from large k values. Approximating the integrand with its non-retarded (k → ∞) counterpart and making the substitution u = k/2d, we find
where R q nr (iξ, k) are reflection coefficients of the mirror in the non-retarded approximation. For a single-medium mirror with the refraction index n m these coefficients are independent of k,
so that in this case the integration over u in (6) may immediately be performed. To find f a for large d, we make the standard substitution κ = nξp/c in (5) and, since ξ ∼ c/d, approximate the frequency-dependent quantities with their static values (denoted by the subscript 0). The integral over ξ can then be easily performed and we obtain
where R q (iξ, p) are obtained from R q (iξ, k) by letting κ l → n(ξ/c)s l , with s l = p 2 − 1 + n 2 l /n 2 , for all layers of the mirror. Thus, for a single-medium mirror
We illustrate this result by considering the case of an ideally reflecting (ε m → ∞ or
which extends the Boyer generalization [15] of the Casimir-Polder formula [14] to material systems. The above results enable one to calculate also the force between two atoms in a magnetodielectric medium. This force can be found by assuming a single-medium mirror consisting of the cavity medium with a small number of, say, type B atoms embedded in it, so that ε m = ε + 4πN B α γ+3 , from (6) and (7) we straightforwardly find 
which generalizes the well-known results for the van der Waals-London force [1, 17, 18] . We observe that, while the force between the atoms of the same polarizability type is strongly affected by the surrounding medium, the (repulsive) force between the atoms of different polarizability type remains the same as in vacuum. The force f AB aa at large distances is similarly obtained from (8) and (9) 
which gives the medium corrections to the retarded atom-atom force [14, 18] and extends their previous considerations [1, 4] to magnetodielectric systems. As seen, the repulsive component of the force is in the medium simply scaled by n −3 0 , whereas the modification of its attractive part is more complex.
We end this short discussion by noting that the invariance of (11) and (12) with respect to the simultaneous replacements α e ↔ α m and ε ↔ µ is a consequence of the symmetry of (5) under the transformation: α e ↔ α m , ε ↔ µ and R p ↔ R s . Since this symmetry is lost in (4), the Lorentz force approach to the Casimir effect implies unusual medium effects on the atom-atom force, as can be seen by repeating the same calculations starting with (4) (see also [13] ).
In conclusion, owing to the appearance of the medium-assisted force and (additional) screening of the Casimir force, the Lorentz force approach to the Casimir effect implies a stronger and somewhat peculiar dependence of the van der Waals and Casimir forces on the medium parameters than usually considered. Extension of the well-known results for the atom-atom force to magnetodielectric systems reveals that the (repulsive) force between atoms of different polarizability type is unaffected by the surrounding medium at small and is scaled by n −3 0 at large distances. Medium corrections to the force between atoms of the same polarizability type are more complex and depend on the polarizability type of atoms.
